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SOURCE FOLLOWER WITH RAIL-TO-RAIL VOLTAGE SWING 

Bruce Rosenthal 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to a source 
follower that can provide a rail-to-rail voltage swing. 

Discussion of the Related Art 

[0002] In a conventional source follower, the output 
voltage of the source follower follows its input voltage 
up/down to a predetermined level. For example, Figure 1 
illustrates a source follower 100 comprising an n-channel 
transistor with its drain connected to a high voltage 
source VDD and its source coupled through a current source 
to a low voltage source VSS (e.g. ground) . 
[0003] In this configuration, if source follower 100 
receives a low voltage on its gate terminal IN, then the n- 
channel transistor does not conduct, thereby allowing the 
voltage on the output terminal OUT to be pulled low by the 
current source. In contrast, if source follower 100 
receives a high voltage on its gate terminal IN, then the 
n-channel transistor begins to conduct, thereby overcoming 
the current source and pulling the output terminal OUT 
high. Specifically, the voltage on output terminal OUT 
increases to VDD minus the threshold of the n-channel 
transistor. In one embodiment, the threshold could be 0.5 
V. Thus, particularly for low voltage applications in the 
range of 2.0 to 3.0 V, performance could be significantly 
lessened by a source follower that is unable to attain the 
rail voltage of VDD. 
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[0004] Figure 2 illustrates a source follower 200 
including a transistor 201, which serves as an initial 
pull-up device. In source follower 200, two inverters 202A 
and 202B buffer a signal provided on an input terminal IN. 
Transistor 201 is an n-channel transistor with its drain 
coupled to VDD, its body coupled to VSS, and its source 
coupled to an output terminal OUT. Therefore, the maximum 
voltage provided by transistor 2 01 on output terminal OUT 
is also VDD minus the threshold voltage of transistor 201. 
In contrast, inverters 202A/202B can provide a rail-to-rail 
voltage (i.e. either VDD or VSS) . 

[0005] However, transistor 201 receives the same input 
signal as inverters 202A/202B. Therefore, inverters 
2 02A/2 02B provide their buffered VDD signal after some 
delay independent of when transistor 201 provides its 
maximum voltage transfer. Unfortunately, this 
configuration can result in non-linearity in the output 
signal. This non-linearity limits the usefulness of source 
follower 200 in linear or amplifying applications. 

[0006] Note that, as shown in Figures 1 and 2, a source 
follower can attempt to pull its output voltage to the high 
voltage rail. However, other known source followers can 
attempt to pull their output voltages to the low voltage 
rail. Typical embodiments for source followers associated 
with the low voltage rail comprise p-channel transistors. 
Unfortunately, these p-channel transistors are generally 
balanced based on n-channel transistors provided on the 
same integrated circuit (IC) . In other words, if n-channel 
transistors on the IC have a threshold of 0.5 V, then p- 
channel transistors on the same IC would be made to have a 
corresponding threshold of -0.5 V. Therefore, such p- 
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channel transistors could pull down their output voltage to 
VSS - (-0.5)= 0.5 V, wherein VSS is assumed to be 0. 
[0007] Therefore, a need arises for a source follower 
that can pull its output voltage fully to the voltage rail. 
Moreover, a need arises for a source follower to provide 
such output voltage in a linear manner, thereby 
advantageously increasing the number and type of 
applications in which the source follower can be used. 

SUMMARY OF THE INVENTION 

[0008] A source follower is a circuit that should output 
a signal substantially the same as its input signal. A 
conventional source follower can be implemented using a 
transistor and a current source. The gate of the 
transistor receives the input signal and the drain receives 
a voltage from a first voltage rail. When the transistor 
conducts, the source of the transistor should provide a 
voltage of the first voltage rail. When not conducting, 
the current source, which is connected to the source of the 
transistor, can drive the output voltage to a second 
voltage rail . 

[0009] Therefore, to form an exemplary source follower, 
an n-channel transistor could have its drain connected to a 
high voltage rail. In this manner, a logic high input 
signal provided to the gate turns on the n-channel 
transistor and provides a high output signal on its source. 
Similarly, a p-channel transistor could have its drain 
connected to a low voltage rail. In this manner, a logic 
low input signal provided to the gate turns on the p- 
channel transistor and provides a low output signal on its 
source . 
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[0010] Unfortunately, in these configurations, the 
source followers cannot drive their output voltages fully 
to the first voltage rail. Specifically, in either 
configuration, the threshold voltage of the transistor is a 
limiting feature. Therefore, conventional source followers 
cannot provide optimal performance, particularly in low 
power applications. 

[0011] In accordance with one feature of the present 
invention, a source follower can include a primary driving 
device that is limited by its threshold voltage as well as 
a secondary driving device that is not limited by its 
threshold voltage. In this manner, the secondary driving 
device can drive the output voltage fully to the desired 
voltage rail. Of importance, this secondary driving device 
can be activated substantially at the same time the primary 
driving device is reaching its maximum voltage transfer, 
thereby ensuring a linear voltage transfer. 

[0012] In one embodiment, the source follower can 
include a first device having first conducting properties 
coupled to an input terminal as well as an output terminal 
of the source follower. The first device can also be 
coupled between a first voltage source and a second voltage 
source . 

[0013] The source follower can further include a current 
source coupled to the second voltage source, the first 
device, and the output terminal. If the first device is 
not conducting, then the current source pulls a voltage on 
the output terminal to a voltage provided by the second 
voltage source. On the other hand, if the first device is 
conducting, then the first device pulls the voltage on the 
output terminal to a voltage provided by the first voltage 
source minus a threshold voltage of the first device. 
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[0014] Of importance, the source follower in accordance 
with the present invention further includes a second device 
having second conducting properties coupled between the 
output terminal and the first voltage source. This second 
device, which has second conducting properties different 
than the first conducting properties, can receive a 
different input signal than the first device. The second 
device, when conducting, pulls the voltage on the output 
terminal to the voltage provided by the first voltage 
source. In a preferred embodiment, the second device 
conducts only when the first device provides the voltage 
provided by the first voltage source minus a threshold 
voltage of the first device on the output terminal. 
[0015] In one embodiment of a source follower, the first 
device includes a p- channel transistor and the second 
device includes an n-channel transistor. In this case, the 
first voltage source is a low voltage source and the second 
voltage source is a high voltage source. In another 
embodiment of a source follower, the first device includes 
an n-channel transistor and the second device includes a p- 
channel transistor. In this case, the first voltage source 
is a high voltage source and the second voltage source is a 
low voltage source. In yet another embodiment, the source 
follower can include a current limiting control circuit 
coupled to the first and second devices, wherein the 
current limiting control circuit disables the first and 
second devices when the source follower is subjected to 
abnormal operating conditions. 

[0016] The rail-to-rail source follower can be 
implemented in an amplifier circuit. In one embodiment, 
the input signal to the second device can be generated by a 
portion of the amplifier circuit that senses when it is 
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beginning to saturate. This saturation point corresponds 
to the point when the first device provides its maximum 
voltage transfer to the output terminal of the source 
follower. This amplifier circuit, which can output true 
rail-to-rail voltages, can advantageously provide optimal 
performance, particularly in low power applications. 
[0017] In one embodiment, an amplifier circuit can 
include a folded cascode amplifier, an operational 
transconductance amplifier (OTA) , and a source follower. 
The source follower includes a primary device and a 
secondary device. The primary device, which receives an 
output of the folded cascode amplifier, can drive an output 
voltage near a first voltage rail. The secondary device, 
which receives an output of the OTA, can drive the output 
voltage to the first voltage rail when the primary device 
reaches its limit. The amplifier circuit can further 
include a current source for driving the output voltage to 
a second voltage rail when the primary and secondary 
devices are not conducting. 

BRIEF DESCRIPTION OF THE FIGURES 

[0018] Figure 1 illustrates a conventional source 
follower that is unable to provide a rail-to-rail voltage. 
[0019] Figure 2 illustrates a known source follower able 
to provide a rail-to-rail voltage, but in a non-linear 
manner . 

[0020] Figure 3 illustrates a source follower capable of 
providing a rail-to-rail voltage in a linear manner. 

[0021] Figure 4 illustrates another source follower 
capable of providing a rail-to-rail voltage in a linear 
manner. 
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[0022] Figure 5 illustrates a simplified amplifier 
circuit comprising a source follower that can provide a 
rail-to-rail voltage. 

[0023] Figure 6A-6C illustrates one embodiment of an 
amplifier circuit comprising a source follower that can 
provide a rail-to-rail voltage. 

DETAILED DESCRIPTION OF THE FIGURES 

[0024] In accordance with one feature of the invention, 
a source follower includes a secondary driving device that 
can assist the primary driving device in providing a true 
rail-to-rail voltage. In this manner, the source follower 
can advantageously provide optimal performance, 
particularly in low power applications. Of importance, the 
secondary driving device provides its assistance based on 
when the maximum voltage transfer in the primary driving 
device occurs. Therefore, the output voltage transfer of 
the source follower is virtually linear, thereby further 
increasing the type of applications in which the source 
follower can be used. 

[0025] Figure 3 illustrates one embodiment of a source 
follower 300 capable of pulling its output voltage fully to 
a high voltage rail. In this embodiment, source follower 
300 includes an n-channel transistor 301 having its drain 
connected to high voltage source VDD, its source coupled 
via a current source to low voltage source VSS, and its 
gate connected the input terminal IN of source follower 
300. In this configuration, n-channel transistor 301 
functions similarly to the n-channel transistor in source 
follower 100 (Figure 1) . 

[0026] Source follower 300 further includes a secondary 
path that can assist n-channel transistor 301 in pulling 
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the voltage on output terminal OUT to VDD. In this 
embodiment, the secondary path includes a p-channel 
transistor 3 02 having its source connected to high voltage 
source VDD and its drain connected to output terminal OUT. 
An amplifier 303 receives a feedback signal FB and outputs 
a signal AOUT to the gate of p-channel transistor 302. 
[0027] Of importance, signal AOUT changes state when 
amplifier 3 03 becomes saturated. Specifically, when 
amplifier 303 becomes saturated, signal AOUT switches to a 
logic 0, which turns on p-channel transistor 302. A p- 
channel transistor having its source connected to the high 
voltage source VDD is almost a perfect switch when 
conducting. In other words, the threshold of the p-channel 
transistor in this configuration is substantially zero. 
Thus, in this conducting state, p-channel transistor 302 
can effectively pull up the voltage on output terminal OUT 
to VDD. 

[0028] In accordance with one feature of the invention, 
the point at which amplifier 303 becomes saturated is 
substantially the same point that n-channel transistor 301 
reaches its maximum pull-up voltage on output terminal OUT. 
In this manner, n-channel transistor 301 provides the 
initial pull up to VDD minus its threshold voltage and p- 
channel transistor 3 02 then supplements that pull up to 
ensure the voltage on output terminal OUT reaches VDD. 

[0029] Figure 4 illustrates one embodiment of a source 
follower 400 capable of pulling its output voltage fully to 
a low voltage rail. In this embodiment, source follower 
400 includes a p-channel transistor 401 having its drain 
connected to low voltage source VSS, its source coupled via 
a current source to high voltage source VDD, and its gate 
connected to the input terminal IN of source follower 400. 
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In this configuration, when conducting, p-channel 
transistor 4 01 can pull down the voltage on output terminal 
OUT to VSS minus its threshold voltage. 

[0030] Source follower 400 further includes a secondary 
path that can assist p-channel transistor 401 in pulling 
the voltage on output terminal OUT down to VSS. In this 
embodiment, the secondary path includes an n- channel 
transistor 4 02 having its source connected to low voltage 
source VSS and its drain connected to output terminal OUT. 
An amplifier 403 receives a feedback signal FB and outputs 
a signal AOUT to the gate of n-channel transistor 402. 
[0031] Of importance, signal AOUT changes state when 
amplifier 403 becomes saturated. Specifically, when 
amplifier 403 becomes saturated, signal AOUT switches to a 
logic 1, which turns on n-channel transistor 402. An n- 
channel transistor having its source connected to the low 
voltage source VSS is almost a perfect switch when 
conducting. In other words, the threshold of the n-channel 
transistor in this configuration is substantially zero. 
Thus, in this conducting state, n-channel transistor 402 
can effectively pull down the voltage on output terminal 
OUT to VSS. 

[0032] In accordance with one feature of the invention, 
the point at which amplifier 4 03 becomes saturated is 
substantially the same point that p-channel transistor 401 
reaches its maximum pull -down voltage on output terminal 
OUT. In this manner, p-channel transistor 4 01 provides the 
initial pull down to VSS minus its threshold voltage and n- 
channel transistor 402 then supplements that pull down to 
ensure the voltage on output terminal OUT reaches VSS. 
[0033] Note that although amplifiers 303 and 403 
(Figures 3 and 4) are shown as separate elements from the 
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source followers, in other embodiments, the source 
followers can be included as part of such amplifiers 
(discussed in reference to Figures 5A-5C) . 

Simplified Amplifier Circuit Embodiment 

[0034] Figure 5 illustrates one simplified embodiment of 
an amplifier circuit 500 in which an exemplary source 
follower able to provide rail-to-rail voltage can be 
incorporated. Amplifier circuit 500 includes a folded 
cascode amplifier 501, a source follower 502, an 
operational transconductance amplifier (OTA) 503, and an 
output device 504 that benefits from the rail-to-rail 
voltage. In this embodiment, source follower 502 includes 
a p-channel transistor 505 coupled between a current source 
506 and voltage source VSSA and an n-channel transistor 507 
coupled between an output of source follower 502 and 
voltage source VSSA. 

[0035] Thus, referring also to Figure 4, current source 
I, p-channel transistor 401, and n-channel transistor 402 
can be implemented using current source 506, p-channel 
transistor 505, and n-channel transistor 507. Moreover, 
amplifier 403 can be implemented using OTA 503, which 
derives its input from folded cascode amplifier 501. 
Various embodiments of folded cascode amplifier 501 are 
described in U.S. Patent Application Serial No. 10/621,747, 
entitled "Folded Cascode Bandgap Reference Voltage 
Circuit", filed on July 16, 2003, which is incorporated by 
reference herein. 

[0036] In this embodiment of amplifier circuit 500, 
folded cascode amplifier 501 includes two p-channel 
transistors 510 and 511, wherein the gates of p-channel 
transistor form the input terminal (positive and negative, 
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respectively) of folded cascode amplifier 501. The 
substrates and sources of p-channel transistors 510 and 511 
are connected to a current source 514, which in turn is 
connected to a voltage source VDDA. The drains of p- 
channel transistors 510 and 511 are respectively connected 
to current sources 512 and 513, which in turn are connected 
to voltage source VSSA. 

[0037] Folded cascode amplifier 501 further includes p- 
channel transistors 515 and 516 as well as n-channel 
transistors 517 and 518. The substrates and sources of p- 
channel transistors 515 and 516 are connected to voltage 
source VDDA, whereas the gates of p-channel transistors 515 
and 516 are commonly connected. The substrates and sources 
of n-channel transistors 517 and 518 are connected to the 
output terminals 519 of folded cascode amplifier 501 (as 
are the drains of p-channel transistors 510 and 511) , 
whereas the gates of p-channel transistors 515 and 516 are 
connected to a battery. 

[0038] In this embodiment of amplifier circuit 500, OTA 
503 includes two p-channel transistors 521 and 522 as well 
as n-channel transistor 523 . The substrates and drains of 
p-channel transistors 521 and 522 are connected to a 
current source 52 0, which in turn is connected to voltage 
source VSSA. The gates of p-channel transistors 521 and 
522 form the input terminal to OTA 503. The source of p- 
channel transistor 521 is connected to voltage source VSSA, 
whereas the source of p-channel transistor 522 is connected 
to the drain of n-channel transistor 523. The source and 
substrate of n-channel transistor 523 are connected to 
VSSA. The gates of transistors 523 and 507 are commonly 
connected to the drain of n-channel transistor 523, which 
provides an output of OTA 503 . 
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[0039] The gate of p-channel transistor 505 (which is 
part of source follower 502) is connected to the source of 
n-channel transistor 518 (which is part of folded cascode 
amplifier 510) . The drain of p-channel transistor 505 is 
connected to the output of source follower 502, which can 
advantageously drive the gate of p-channel transistor 504 
using a rail-to-rail voltage. 

Exemplary Amplifier Circuit Embodiment 

[0040] Figures 6A-6C illustrate one embodiment of an 
amplifier circuit 600 in which an exemplary source follower 
able to provide a rail-to-rail voltage can be incorporated. 
In this embodiment, amplifier circuit 600 includes a folded 
cascode amplifier 601, an operational transconductance 
amplifier (OTA) 602, a source follower 603, and an output 
device 625. 

[0041] Source follower 603 can advantageously pull its 
output terminal OUT(SF) completely to VSSA (e.g. ground). 
In this embodiment, source follower 603 can include a p- 
channel transistor 606, which provides an initial pull down 
to a predetermined level based on its threshold voltage 

(through p-channel transistor 62 0, which is conducting 
during normal operation) , and two n-channel transistors 642 
and 643, which provide a secondary pull down to the low 
voltage rail of VSSA. 

[0042] The voltage on the output terminal OUT(SF) of 
source follower 603 can subsequently drive output device 
625 (in this case, a p-channel transistor) . 

Advantageously, because that voltage can be driven to VSSA 
by source follower 603, output device 625 can be quite 
large, thereby optimizing performance of amplifier circuit 
600. 
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[0043] In this source follower, a p-channel transistor 
605 and p-channel 608 (see Figure 6C) can provide a current 
(pull-up) source for p-channel transistor 606. In one 
embodiment, transistors 605 and 608 can be configured and 
sized to provide the same current in each branch. 
[0044] In this embodiment, p-channel transistor 620 can 
be coupled in series with p-channel transistor 606 to 
provide an additional path of regulation to the output 
terminal OUT(SF) . Specifically, if either p-channel 
transistor 620 or p-channel transistor 606 starts to turn 
off, then the other device can effectively pull the voltage 
down to VSSA. Note that because p-channel transistor 620 
derives its gate signal from a current sensing circuit (see 
other devices in Figure 6C) , p-channel transistor 62 0 can 
operate in either a current sensing mode or a voltage 
sensing mode. 

[0045] In amplifier circuit 600, a p-channel transistor 
630, which is connected in parallel with output device 625, 
can be sized to mimic the current through output device 625 
at a fraction of the current. In one embodiment, the 
current through p-channel transistor 630 can be developed 
across a resistor string including resistor 631. 
Similarly, the current through an n-channel transistor 634, 
which serves as a reference device to p-channel transistor 
630, can be developed through another resistor string 
including resistors 632 and 633. 

[0046] In one embodiment, two p-channel transistors 635 
and 636, which are coupled respectively to resistors 633 
and 631, can be provided in a current mirror configuration, 
thereby having the same bias point on their gates. In this 
configuration, when the sources of the devices are at the 
same potential, then amplifier circuit 600 is operating 
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under normal conditions and the voltage on the output 
terminal OUT(SF) can respond to source follower 604. 
[0047] However, of importance, if a voltage across 
resistor 631 is greater than a voltage across resistors 632 
and 633 (as sensed at the sources of p-channel transistors 
635 and 636, then amplifier circuit 600 may be experiencing 
abnormal conditions. In this case, the voltage on line (H) 
pulls high, thereby turning off p-channel transistor 620 
and disabling p-channel transistor 606. Thus, p-channel 
transistor 620 can function as a current limiter to p- 
channel transistor 606. 

[0048] A p-channel transistor 640 (Figure 6B) connected 
to lines (I) and (H) (see Figure 6C) can provide 
substantially the same function, i.e. that of a current 
limiter, for p-channel transistor 641. Specifically, under 
abnormal conditions, the voltage on line (I) pulls high, 
thereby turning off p-channel transistor 640 and disabling 
n-channel transistors 642 and 643. Note that for p-channel 
transistors 620 and 640, if a current limiter is not 
invoked, i.e. under normal conditions, then these devices 
are essentially short circuit switches that are turned on. 
[0049] P-channel transistors 641 and 650 can sense when 
amplifier circuit 600 is starting to reach its saturation 
limit. Once this limit is reached, then current is 
diverted from these p-channel transistors to n-channel 
transistors 642 and 643 (through conducting p-channel 
transistor 640). These n-channel transistors 642 and 643, 
which sense the higher current and resulting higher voltage 
on their gates, then begin to conduct. In one embodiment, 
these n-channel transistors can be sized to multiply the 
current by 8x. 
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[0050] Therefore, when p-channel transistor 606 cannot 
pull down the voltage further, n-channel transistors 642 
and 643 can efficiently pull the voltage on output terminal 
OUT(SF) to VSSA. Of importance, because n-channel 
transistors 642 and 643 are turned on only at the 
saturation point of amplifier circuit 600, i.e. the same 
point at which p-channel transistor 606 cannot further pull 
down the voltage on output terminal OUT(SF), this 
additional pull down can be performed in a linear manner. 
This linearity advantageously expands the usefulness of the 
source follower in linear or amplifying applications. 
[0051] As mentioned above, under current limiting 
conditions, p-channel transistor 640 can be turned off, 
thereby effectively disabling n-channel transistors 642 and 
643. This configuration is desirable because even though 
p-channel transistor 606 may be turning off in response to 
a current limiting conditions, n-channel transistors 642 
and 643 could, i.e. without the presence of p-channel 
transistor 609, continue to pull the voltage on the output 
terminal OUT(SF) to VSSA. 

[0052] In this embodiment of amplifier circuit 600, an 
n-channel transistor 607 can be used to control whether p- 
channel transistor 606 conducts. Note that n-channel 
transistor 607 is in turn controlled by an output from a 
portion of folded cascode amplifier 601 (note that folded 
cascode amplifier 601 includes a differential circuit, 
shown in Figure 6A, which is coupled through lines (B) and 

(D) to a current source circuit, shown in Figure 6B) . When 
a differential input voltage is applied to lines FB 

(feedback) and VR (voltage reference) , the current through 
lines (B) and (D) is redistributed so as to cause the gate 
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